Introduction {#sec1}
============

The blend of poly(3,4-ethylenedioxythiophene) and polystyrenesulfonate (PEDOT:PSS) is the most widely used conducting polymer in organic electronic devices and has been extensively used in a wide variety of applications such as organic light-emitting diodes, solar cells, thermoelectric devices, batteries, supercapacitors, and fuel cells.^[@ref1]−[@ref4]^ Unlike most semiconducting polymers, PEDOT:PSS is synthesized in a doped (i.e., conducting) state. The partially oxidized (doped) PEDOT chains are charge-compensated by deprotonated sulfonic acid groups of PSS. PEDOT:PSS has excellent film-forming properties, is relatively stable under ambient conditions, is transparent in the visible region, and features tunable conductivity and work function. PEDOT:PSS is commercially available as a dispersion in water at low pH and can be used to form highly conductive polymeric thin films in combination with cosolvents.^[@ref5]^

Recently, a growing research interest is devoted to the application of semiconducting polymers in a variety of biosensors, commonly using organic electrochemical transistors (OECTs), which are utilized to monitor and control biological processes. In particular, organic electronic materials have emerged as the preferred platform because of their biocompatibility and "soft" nature.^[@ref6],[@ref7]^ PEDOT:PSS has become a popular choice as the transducing material, primarily because of excellent ionic and electronic conduction when interfacing with aqueous electrolytes.^[@ref8],[@ref9]^ This results in a bulk modulation of conductivity and endows the material with high transconductance and low operating voltages when used as the channel material. However, devices based on PEDOT:PSS typically operate in depletion mode because of its intrinsically doped (conducting) state. In this mode the conductivity is reduced upon application of gate bias. Instead, operation in accumulation mode would be more favorable as it lowers energy consumption (i.e., virtually no current flows) in the "off" state. Naturally, accumulation mode operation requires an intrinsic (undoped) semiconductor as active material. Devices operating in accumulation mode have been demonstrated by using specifically synthesized intrinsic materials,^[@ref10]^ but the synthesis of these organic semiconductors is complex, time-consuming, and costly. Ideally, one would be able to use PEDOT:PSS in accumulation mode, combining low-energy consumption with low cost and commercial availability, but for that the polymer has to be transformed into its neutral (undoped) state.

Efforts to make neutral (undoped) PEDOT:PSS have been made using aliphatic amines such as polyethylenimine (PEI), diethylenetriamine (DETA), and 1,8-diazabicyclo\[5.4.0\]undec-7-ene (DBU) (structures shown in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b07718/suppl_file/jp9b07718_si_001.pdf)) for a variety of applications such as PEDOT batteries, neuromorphic devices, field-effect transistors, and low-work function electrodes.^[@ref11]−[@ref15]^ Other applications of dedoped PEDOT:PSS have been reported in organic solar cells,^[@ref16]^ polymer-based thermoelectric devices,^[@ref17]−[@ref19]^ and electrochromic devices,^[@ref20]^ highlighting the potential of dedoped PEDOT:PSS in a broad range of applications. However, the exact mechanism of chemical dedoping is poorly understood, preventing the rational design of molecules that can optimize novel device fabrication procedures in various fields. For neutral PEDOT:PSS specifically, it would be highly valuable to develop a method that is more controllable and faster than the commonly used vapor deposition of PEI.^[@ref14],[@ref15]^ Additionally, understanding the mechanism of dedoping is an essential first step in unlocking routes to air-stable devices with neutral PEDOT:PSS. Currently, neutral PEDOT:PSS films are not stable as PEDOT reoxidizes in air,^[@ref21],[@ref22]^ which is exploited in air/PEDOT-battery devices.^[@ref11]−[@ref13]^ Recent efforts show that this phenomenon can be partially prevented by encapsulation in a nitrogen atmosphere.^[@ref23]^

###### Electrical (*R*~E~) and Optical (*R*~O~) Ratio of Dedoping PEDOT:PSS with Organic Amines[a](#tbl1-fn1){ref-type="table-fn"}

![](jp9b07718_0008){#gr8}

For each dedopant, the full name, acronym, and the structural formula are given.

Previously reported strong dedopants for PEDOT:PSS (PEI, DETA, and DBU) are aliphatic amines that act both as a reducing agent and as a Brønsted--Lowry base. However, other aliphatic amines such as triethylamine (TEA) were reported to dedope PEDOT:PSS only mildly.^[@ref13],[@ref17]^ Amines can reduce oxidized PEDOT chain segments by a single electron transfer (SET) reaction but can also engage in abstracting a proton from PSSH to form an ammonium ion, which is unable to act as a reducing agent. The largely different dedoping strengths of DETA and TEA indicate that the dedoping mechanism comprises more than a straightforward SET reaction from an amine.

To investigate the structural motif that endows compounds like PEI, DETA, and DBU with a strong tendency to dedope PEDOT:PSS and elucidate the mechanism of the dedoping process, we investigate the functional groups in amines that create conditions for strong dedoping. The results of these experiments are then used to postulate a reaction mechanism. We support this mechanism by synthesizing two derivatives of DBU and comparing their dedoping capacity to predictions based on the proposed reaction pathway. Finally, we select an aliphatic amine that forms a stable aqueous dispersion with PEDOT:PSS and that strongly dedopes PEDOT:PSS upon heating a film cast from the two components. This allows creating charge-neutral, undoped PEDOT:PSS films in a simple one-step process.

Methods {#sec2}
=======

Sample Preparation {#sec2.1}
------------------

Borosilicate glass substrates (3 cm × 3 cm) were cleaned by rinsing with acetone, rubbing with an isopropanol drenched cloth, and rinsing with isopropanol before depositing gold (50 nm) on chromium (5 nm) electrodes by thermal evaporation in high vacuum (∼3 × 10^--7^ mbar). The electrode width was either 4 or 6 mm, and the corresponding shortest electrode-to-electrode distance was 9.5 or 6.3 mm, respectively, depending on the layout used. The substrates with Cr/Au electrodes were cleaned by 30 min UV/O~3~ treatment (UVP PR-100). An aqueous dispersion of highly conductive PEDOT:PSS (Clevios PH1000, Heraeus) containing 3--5 vol % ethylene glycol (Sigma-Aldrich, 99.8%) was filtered through a 0.45 μm filter (Pall Life Sciences, Acrodisc, PVDF membrane) and then spin-coated at either 1000 or 2400 rpm for 60 s, resulting in films of ∼100 and ∼55 nm, respectively. The PEDOT:PSS layer was annealed at 120 °C for a minimum of 2 min in an ambient atmosphere. Dedopants listed in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and Table S1 ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b07718/suppl_file/jp9b07718_si_001.pdf)) were obtained from commercial suppliers and used as received. Details on suppliers and purity are provided in [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b07718/suppl_file/jp9b07718_si_001.pdf). For dedoping, the PEDOT:PSS layer was fully covered by drop-casting the dedopant and then heated on a hot plate in an ambient atmosphere (unless stated otherwise) to facilitate the dedoping reaction and evaporate excess dedopant. For dedopants solid at room temperature, the dedopant was drop-cast on top of the PEDOT:PSS film from a saturated solution in isopropanol. The conductivity of the layer was probed during heating of the layer. UV--vis--NIR absorption spectra were recorded before and after dedoping. The *R*~O~ and *R*~E~ of PPD and N-DMBI and the *R*~E~ of TeMEDA were measured on PEDOT:PSS layers spin-coated at 2400 rpm. All other *R*~E~ and *R*~O~ values were determined for PEDOT:PSS layers spin-coated at 1000 rpm. The lowest attained conductivities and the temperatures at which these conductivities are reached are collected in [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b07718/suppl_file/jp9b07718_si_001.pdf).

For preparing a dedoped (neutral) PEDOT:PSS film from solution directly, the initial solution contained a volume percentage of DEMTA and additional base as indicated. For spin-coating the same procedure as above was used to form the layer of PEDOT:PSS. The conductivity and absorbance of the PEDOT:PSS layer were assessed after annealing at 120 °C.

Characterization {#sec2.2}
----------------

Two-point probe current--voltage (**I*−*V**) measurements were performed using an Agilent 4155C semiconductor analyzer. Absorption spectra were measured by using a PerkinElmer Lambda 900 or a Lambda 1050 spectrometer. Cyclic voltammetry measurements were performed inside a nitrogen-filled glovebox using an Autolab PGSTAT30 potentiostat. A 0.1 M solution of tetrabutylammonium hexafluorophosphate in dichloromethane was used as the electrolyte. Potentials are reported versus Ag/AgCl. ^1^H NMR (400 MHz) and ^13^C NMR (100 MHz) spectra were recorded on a Varian Mercury spectrometer. Chemical shifts are given in ppm and referenced to the deuterated solvent residual peak. Matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectroscopy was recorded on a Bruker Autoflex Speed spectrometer by using α-cyano-4-hydroxycinnamic (CHCA) acid as matrix.

Synthesis {#sec2.3}
---------

Reagents used as starting materials and commercial solvents were used as received without any further purification.

### 3-(Azepan-1-yl)propan-1-amine (APA) {#sec2.3.1}

1,8-Diazabicyclo\[5.4.0\]undec-7-ene (6.5 g, 42.7 mmol) was dissolved in ethanol (80 mL) under argon at 0 °C. Glacial acetic acid (2.5 mL) was added, followed by sodium borohydride (1.62 g, 42.8 mmol, 1.0 equiv) under vivid stirring. The mixture was concentrated under reduced pressure and redissolved in ethyl acetate (80 mL) and water (10 mL). Sufficient Na~2~SO~4~ was added to fully absorb the water. The suspension was filtered, and the filtrate was concentrated under reduced pressure to afford APA as a colorless oil (3.06 g, 19.6 mmol, 46%). ^1^H NMR (400 MHz, CDCl~3~): δ 2.73 (2H, t, *J* = 6.8 Hz, H~2~N--C*H*~2~), 2.61 (4H, t, *J* = 5.4 Hz, −N--C*H*~2~−), 2.51 (2H, t, *J* = 7.3 Hz, −N--C*H*~2~--CH~2~--CH~2~--NH~2~), 1.55--1.71 (10H, m). ^13^C NMR (100 MHz, CDCl~3~): δ 56.06, 55.59, 40.80, 31.39, 28.00, 26.91. MALDI-TOF-MS (CHCA): calculated *m*/*z* 156.16; found *m*/*z* 153.30, 157.33 (\[M + H\]^+^).

### 3-(Azepan-1-yl)-*N*-methylpropan-1-amine (AMPA) {#sec2.3.2}

1,8-Diazabicyclo\[5.4.0\]undec-7-ene (6.5 g, 42.7 mmol) was dissolved in benzene (75 mL) under argon. Methyl iodide (3.72 mL, 59.8 mmol, 1.4 equiv) was added gradually, and the mixture was stirred at room temperature for 30 min. The mixture was concentrated under reduced pressure when a white solid precipitated which was readily redissolved upon the addition of ethanol (80 mL) under argon. Sodium borohydride (1.62 g, 42.8 mmol, 1.0 equiv) was added portionwise, and the mixture was stirred at room temperature for 2 h. The ethanol was evaporated under reduced pressure, and the concentrate was redissolved in ethyl acetate (80 mL) and water (10 mL). Sufficient Na~2~SO~4~ was added to fully absorb the water. The suspension was filtered, and the filtrate was concentrated under reduced pressure to afford the desired product as a light-yellow oil (6.0 g, 35.2 mmol, 82%). ^1^H NMR (400 MHz, CDCl~3~): δ 2.70 (2H, t, *J* = 6.8 Hz, HN--C*H*~2~), 2.66 (4H, t, *J* = 5.8 Hz, −N--C*H*~2~−), 2.58 (2H, t, *J* = 7.0 Hz, −N--C*H*~2~--CH~2~--CH~2~--NH--CH~3~), 2.46 (3H, s, N--C*H*~3~), 1.71 (2H, p, *J* = 6.9 Hz, N--CH~2~--C*H*~2~-CH~2~--N), 1.65 (4H, m), 1.60 (4H, m). ^13^C NMR (100 MHz, CDCl~3~): δ 56.73, 55.57, 50.82, 36.13, 27.82, 27.01, 26.86. MALDI-TOF-MS (CHCA): calculated *m*/*z* 170.18; found *m*/*z* 167.29, 171.32 (\[M + H\]^+^).

Results and Discussion {#sec3}
======================

We systematically investigated a range of relevant amines ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) for their capacity to dedope PEDOT:PSS thin films. For dedoping, spin-coated PEDOT:PSS layers were fully covered by drop-casting the amine and subsequently heated on a hot plate. To quantify the dedoping capability, the electrical conductivity and the UV--vis--NIR absorption spectrum of the films were measured before and after applying the dedopant to provide two independent indicators for the resulting dedoping level. Apart from a decrease in conductivity, the transition from doped to neutral PEDOT:PSS is indicated by a decrease of the bipolaron absorption at wavelengths in the 1500--2500 nm range,^[@ref24],[@ref25]^ accompanied by a distinct rise of a polaron transition at 800--1000 nm. Further dedoping results in an increase of the absorption band around 650 nm of neutral PEDOT chains and a decrease in absorption of the polaron band. These changes in conductivity and absorption spectra are sensitive indicators of the dedoping level of PEDOT.

To quantify the dedoping efficacy, we define two figures of merit that describe the relative decrease in electrical conductivity (σ) measured at 1 V bias (*R*~E~) and the relative loss of absorbance (*A*) of the bipolaron band at 2500 nm compared to neutral absorption band at 650 nm (*R*~O~) in dedoped films.Under identical conditions and for constant film thickness, the figures of merit *R*~E~ and *R*~O~ as defined in [eqs [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} and [2](#eq2){ref-type="disp-formula"} are material properties. The *R*~E~ and *R*~O~ values were determined for a wide range of aliphatic amines with varied chemical structure (summarized in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). We note that the two figures of merit are not necessarily correlated which may be a result of structural changes to the film after dedoping. Extended versions of [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} can be found in the [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b07718/suppl_file/jp9b07718_si_001.pdf) and [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b07718/suppl_file/jp9b07718_si_001.pdf).

![Correlation between *R*~E~ and *R*~O~ for dedoping PEDOT:PSS for the organic amines tested. Mild and strong dedopants are colored light green and dark green, respectively.](jp9b07718_0001){#fig1}

As characteristic examples of the dedoping efficacy of PEDOT:PSS by amines, we consider the effects of *N*-(2-aminoethyl)-1,2-ethanediamine (DEMTA) and *N*,*N*,*N′*,*N′*-tetramethyl-1,2-ethanediamine (TeMEDA). The current--voltage (**I*−*V**) characteristics reveal that the current, and thus conductivity, drops over 5 orders of magnitude for dedoping with DEMTA ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a), while only a decrease by 2 orders of magnitude occurs for TeMEDA ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c). To reach the lowest attainable conductivity, thermal annealing is required, suggesting that the dedoping is thermally activated. The UV--vis--NIR absorption spectra confirm the more effective dedoping by DEMTA ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b) compared to TeMEDA ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d). For the DEMTA-treated PEDOT:PSS film the bipolaron absorption at 1500--2500 nm virtually vanishes and is replaced by the strong absorption of neutral PEDOT around 650 nm. In contrast, the absorption spectrum of PEDOT:PSS recorded after dedoping with TeMEDA shows a combination of the bipolaron, polaron, and neutral absorption bands, indicating that dedoping is not complete.

![(a, c) Semilogarithmic **I*--*V** characteristics and (b, d) UV--vis--NIR spectra of pristine and dedoped PEDOT:PSS layers by using DEMTA (a, b) or TeMEDA (c, d) as dedopants. The PEDOT:PSS layer thickness was ∼100 nm in (a, b, d) and ∼55 nm in (c).](jp9b07718_0002){#fig2}

To determine the influence of oxygen, we tested the dedoping by 1,2-ethanediamine (EDA) in ambient air and in N~2~ atmosphere (\<1 ppm of O~2~, \<1 ppm of H~2~O) ([Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b07718/suppl_file/jp9b07718_si_001.pdf)). In an inert atmosphere the dedoping capacity is slightly higher, which agrees with a previous work.^[@ref26]^

Following the notion that DEMTA ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a,b) and DETA^[@ref15]^ are capable of strongly dedoping PEDOT:PSS, while TeMEDA ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}c,d) is not, we investigated which minimal combination of functionalities is essential for strong dedoping. The results suggest that the primary amine functional groups on DEMTA play an important role. To analyze the importance of primary amines, we tested the dedoping efficacy of PEDOT:PSS by *n*-butylamine (*n*-BA) and 1,2-ethanediamine (EDA). [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} and [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} show that strong dedoping was achieved by using EDA but that *n*-BA is not an effective dedopant. Together with poor dedoping by TeMEDA, these results indicate that primary amines exert a crucial effect on the dedoping, but only when accompanied by a second amine group in the molecule.

Knowing that EDA is a strong dedopant for PEDOT:PSS while TeMEDA is not, we systematically investigated the dedoping capacity of all methyl-substituted EDA analogues to understand the influence of methyl substitution. The dedoping strength of *N*,*N*,*N′*-trimethyl-1,2-ethanediamine (TrMEDA), *N*,*N*-dimethyl-1,2-ethanediamine (1,1-DMEDA), *N*,*N′*-dimethyl-1,2-ethanediamine (1,2-DMEDA), and *N*-methyl-1,2-ethanediamine (MEDA) were assessed ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}). Interestingly, both TrMEDA and 1,1-DMEDA do not dedope PEDOT:PSS strongly, while 1,2-DMEDA showed moderate dedoping capacity. MEDA, on the other hand, showed strong dedoping similar to EDA. From this we conclude that for effective dedoping toward neutral PEDOT:PSS a diamine is required of which neither amine group is tertiary. If one of the two amine groups is primary, the dedoping capacity is enhanced. Interestingly, these results contradict the trend in oxidation potential, as measured by cyclic voltammetry ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b07718/suppl_file/jp9b07718_si_001.pdf) and [Table S3](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b07718/suppl_file/jp9b07718_si_001.pdf)), which suggests a more intricate mechanism than single electron transfer and signifies the formation of another reducing species.

The difference in dedoping capacity between EDA and *n*-BA hints at an intramolecular reaction of two amine groups playing a role in the mechanism. To support this suggestion, we assessed the dedoping strength of three diamines with different spacer moieties, namely 1,5-pentanediamine (cadaverine), *p*-phenylenediamine (PPD), and *cis*-1,4-cyclohexanediamine (c-1,4-DACH). Their *R*~E~ and *R*~O~ values ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}) indicate that the spacer should be sufficiently flexible to achieve dedoping. Both PPD and c-1,4-DACH dedope PEDOT:PSS only slightly, while cadaverine proved to be a strong dedopant. This conclusion, combined with the fact that *n*-BA does not strongly dedope PEDOT:PSS, firmly suggests that an intramolecular reaction takes place in which two amine groups need to be able to reach each other to effectively engage in dedoping of PEDOT:PSS.

In one-electron oxidation reactions of aliphatic amines, the amine radical cation formed is known to deprotonate at the α-carbon, followed by oxidation of the α-amino radical to an iminium ion.^[@ref27]−[@ref30]^ On the basis of this general mechanism and the electron-donating reactions of 4-(1,3-dimethyl-2,3-dihydro-1*H*-benzoimidazol-2-yl)phenyl)dimethylamine (N-DMBI),^[@ref31],[@ref32]^ we formulated a tentative mechanism ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}) that enables rationalizing the remarkable difference in dedoping capacities of the aliphatic amines tested. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} describes a possible sequence of steps for EDA as an example. The chain of reactions starts with the single electron transfer from the diamine (step 1). DFT calculations have shown that this is possibly followed by an intermediate 1,2-hydrogen shift (step 2)^[@ref33]^ and subsequent deprotonation (step 3) leading to an α-amino radical. The deprotonation is facilitated by the excess of base present. The outcome of steps 2 and 3 is identical to a direct deprotonation at the α-carbon atom followed by an electron transfer from the α-carbon to nitrogen. The α-amino radical then undergoes a second SET (step 4) to the iminium ion.^[@ref27]−[@ref30]^ This iminium ion can instigate an intramolecular ring closure by reacting with the second amine group (step 5). We speculate that the product of step 5, which has similarities to the reactive functionality of N-DMBI, will then undergo another SET, 1,2-hydrogen shift, deprotonation, and a subsequent SET (steps 6--9).^[@ref27]−[@ref32]^ The sum of reaction steps 6--9 can be viewed as a hydride extraction, as commonly assumed for N-DMBI.

For EDA it is likely that the reaction product of reaction step 9 will undergo deprotonation (step 10) to form aziridin-2-imine. The formed N=C--N moiety is structurally similar to the same motif in DBU and is thus likely to undergo another electron transfer reaction (step 11), as described in the literature on the electron-donating properties of DBU.^[@ref13],[@ref34],[@ref35]^ The complete reaction mechanism then includes reaction steps 10 and 11 ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). The importance of reaction step 11 is demonstrated by the dedoping strength of N-DMBI and DBU. Intriguingly, it was found that N-DMBI does not dedope PEDOT:PSS strongly, even though it follows reaction steps 6--9, while DBU does, following reaction step 11. It can thus be concluded that reaction step 11 is crucial for effective dedoping and that reaction step 9 is not the likely end point of the mechanism. The mechanism comprises four deprotonations, which is facilitated by the excess of amines.

![Proposed reaction mechanism (steps 1--11) of diamine oxidation for EDA as an example.](jp9b07718_0003){#fig3}

Despite that the mechanism hypothesized in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} is speculative and the intermediates have not been identified, it enables the rationalizing of the remarkable differences in dedoping strength of the methyl-substituted 1,2-ethanediamines. To illustrate this, [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} shows the expected intermediate reaction products from step 9 for EDA (**1**), MEDA (**2**), 1,2-DMEDA (**3**), 1,1-DMEDA (**4**), and TrMEDA (**5**) and the product of step 4 for TeMEDA (**6**). The expected subsequent reactions are then indicated. It is apparent that compounds **5** and **6** cannot reach reaction step 11. Compound **4** can only undergo deprotonation (step 10) to form *N*,*N*-dimethyl-2*H*-azirin-3-amine with a highly strained double-bond ring structure. On the other hand, compounds **1**, **2**, and **3** form aziridinimine or its methyl-substituted derivatives. We note that ((*E*)-*N*-(1-methylaziridin-2-ylidene)methanamine) (from **3**) corresponds to a known compound.^[@ref36]^ The degree to which the intermediates can progress in this reaction mechanism correlates to their dedoping strength. Correspondingly, compounds **4**, **5**, and **6** do not dedope PEDOT:PSS, while **1**, **2**, and **3** dedope PEDOT:PSS mildly or even strongly. The remarkable dedoping capacity of **3**, being stronger than that of **4**, **5**, and **6** but lower than **1** and **2**, can possibly be explained by the fact that the product of reaction step 11 is not stabilized by a hydride shift, while it is for **2** and **1**. Here it should be noted that DBU also does not benefit from this hydride shift after single electron transfer. We note, however, that PEDOT:PSS is almost fully dedoped by DBU due to the large excess employed in drop-casting.

To further support the proposed mechanism, we synthesized and compared the dedoping capacity of 3-(azepan-1-yl)propan-1-amine (APA) and 3-(azepan-1-yl)-*N*-methylpropan-1-amine (AMPA) ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). Following the proposed mechanism, APA should dedope PEDOT:PSS in a similar fashion as 1,2-DMEDA, while AMPA should only induce very weak dedoping comparable to TrMEDA. The reaction sequences for both compounds are detailed in [Figures S4 and S5](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b07718/suppl_file/jp9b07718_si_001.pdf). At first glance it might seem like APA would have similar dedoping strength as 1,1-DMEDA because of the tertiary-primary diamine functionality. However, where reaction 10 is hindered for 1,1-DMEDA because of ring strain, this reaction is not hindered for APA. Therefore, DBU can be formed from APA after reaction step 10 ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). Even though DBU can be formed, the dedoping strength is expected to be less than that reported for DBU as the formed concentration of DBU is much lower compared to pure DBU. Therefore, the predicted dedoping strength is mild, much akin to 1,2-DMEDA. For AMPA, reaction 10 cannot occur as no amine-bound hydrogens remain after reaction 9, similar to TrMEDA ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}). The proposed reaction products following reactions 1--9 are displayed in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}.

To test the validity of our mechanism and the predicted dedoping strength of APA and AMPA, conductivity and absorption experiments were conducted on PEDOT:PSS, covered by both compounds through drop-casting. As the mechanism predicted, AMPA dedopes PEDOT:PSS weakly, showing a minimal decrease in conductivity ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a) and a slight increase in intensity of the absorption peak attributed to neutral PEDOT:PSS ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b). In contrast, APA shows a substantial dedoping indicated by a more than 4 orders of magnitude decrease in conductivity ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c) and a pronounced presence of neutral PEDOT:PSS in the absorption spectrum ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}d). The decrease in conductivity and change in absorption spectra for dedoping with APA is very similar to that of 1,2-DMEDA.

Utilizing the insights in the proposed dedoping mechanism, we formulated a PEDOT:PSS dispersion with a dedopant added in solution that after spin-coating results in films that can be converted into neutral PEDOT:PSS when heated. This solution dedoping recipe enables a straightforward method for fabricating neutral PEDOT:PSS layers from a single casting step. The formulation contains the aqueous PEDOT:PSS dispersion, ethylene glycol, and DEMTA in a 0.63:0.03:0.33 (v/v/v) ratio. Ethylene glycol improves the morphology of PEDOT:PSS,^[@ref37]−[@ref39]^ while DEMTA was selected because of its sufficiently high activation temperature (95 °C) for dedoping. We note that flocculation occurs if PEDOT:PSS is strongly dedoped in solution. Using the PEDOT:PSS/DEMTA dispersions, films were spin-coated on a glass substrate and heated to 120 °C. The resulting films exhibit very low conductivity ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a), and the UV--vis--NIR absorption spectra confirm strong dedoping ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b). Hence, neutral PEDOT:PSS films were fabricated in a one-step process from a single solution and subsequent thermal annealing, greatly enhancing ease of fabrication. Note that conductivity and absorption measurements of a pristine film with analogue morphology and layer thickness cannot be obtained for this fabrication method.

![End of the cascade of reactions according to the mechanism of [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} for the compounds EDA (**1**), MEDA (**2**), 1,2-DMEDA (**3**), 1,1-DMEDA (**4**), TrMEDA (**5**), and TeMEDA (**6**). For EDA and MEDA, the hydride-shift-induced stabilization is also depicted.](jp9b07718_0004){#fig4}

![Structural formulas of the proposed reaction products of APA and AMPA after reaction steps 10 and 9, respectively.](jp9b07718_0005){#fig5}

![(a, c) Semilogarithmic **I*--*V** characteristics and (b, d) UV--vis--NIR spectra of pristine and dedoped PEDOT:PSS layers by using AMPA (a, b) or APA (c, d) as dedopants. The PEDOT:PSS layer thickness was ∼100 nm.](jp9b07718_0006){#fig6}

![(a) Semilogarithmic **I*--*V** characteristics and (b) UV--vis--NIR  absorption spectrum for a PEDOT:PSS layer spin-coated from a dispersion of aqueous PEDOT:PSS/EG/DEMTA (0.63:0.03:0.33 (v/v/v)).](jp9b07718_0007){#fig7}

The formulation of the PEDOT:PSS-DEMTA solution can be tailored to a specific application, and lower levels of dedoping can be obtained by decreasing the volume percentage of DEMTA ([Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b07718/suppl_file/jp9b07718_si_001.pdf)). Even for the illustrative example of 5 vol %, DEMTA is in excess of PEDOT:PSS (solid content maximum 1.3 wt % in PH1000 dispersion), and the decrease in dedoping at 5 vol % is therefore attributed to the relatively lower pH of the 5 vol % solution compared to 33 vol %. This influence of pH on dedoping was later confirmed after increasing the pH of a PEDOT:PSS-DEMTA 5 vol % solution by adding NaOH and obtaining stronger dedoped layers in the process ([Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b07718/suppl_file/jp9b07718_si_001.pdf)). The pH dependence is consistent with the proposed mechanism that involves four deprotonation steps.

Conclusion {#sec4}
==========

By systematically investigating the dedoping efficacy for a range of aliphatic amines, we have identified the presence of at least two primary or secondary amines that can participate in an intramolecular reaction as the principal structural motif that is required in organic aliphatic amines to strongly dedope PEDOT:PSS films. On the basis of this structural motif, we propose a multistep reaction mechanism that involves sequential electron transfer and deprotonation steps. In the proposed mechanism the aliphatic amines act as both an electron donor and proton acceptor. The proposed mechanism identifies an N=C--N moiety formed in an intramolecular reaction as the structural element that is crucial to the achieved strong dedoping. All experimental observations are qualitatively consistent with the mechanism, and its predictive value was demonstrated by synthesizing two aliphatic diamine derivatives (AMPA and APA) and comparing their dedoping efficacy.

The proposed mechanism is complex, and we have not been able to identify intermediate products. Despite its tentative nature, the mechanism contributes to our understanding of the reductive capability of aliphatic amines. It also rationalizes the remarkable difference in dedoping efficacy of several aliphatic amines and provides a guideline to further optimize methods in fabricating dedoped PEDOT:PSS films.

Using the obtained insights in the dedoping mechanism, we developed a new formulation of the aqueous dispersion of PEDOT:PSS in which ethylene glycol and DEMTA are added, and that allows to spin-coat PEDOT:PSS films that can be converted into a strongly dedoped film by heating to 120 °C. By casting the PEDOT:PSS with the dedopant from solution in a single step, we expect that neutral PEDOT:PSS can be fabricated with classic roll-to-roll printing techniques. Additionally, the thermal activation of dedoping enables infrared photopatterning. These fabrication methods open the pathway to rapidly producing mixed ion--electron organic (semi)conductors with all commercially available ingredients.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.jpcc.9b07718](http://pubs.acs.org/doi/abs/10.1021/acs.jpcc.9b07718).Extended versions of [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"} with data for more amines; cyclic voltammetry data of selected amines; electrical conductivity and UV--vis--NIR absorption spectra of several control experiments (effect of inert atmosphere, effect of base) ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.9b07718/suppl_file/jp9b07718_si_001.pdf))
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